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Abstract
Gravity mediated supersymmetry breaking becomes comparable to gauge mediated supersymmetry break-
ing contributions when messenger masses are close to the GUT scale. By suitably arranging the gravity
contributions one can modify the soft supersymmetry breaking sector to generate a large stop mixing pa-
rameter and a light Higgs mass of 125 GeV. In this kind of hybrid models, however the nice features of
gauge mediation like flavour conservation etc., are lost. To preserve the nice features, gravitational contri-
butions should become important for lighter messenger masses and should be important only for certain
fields. This is possible when the hidden sector contains multiple (at least two) spurions with hierarchical
vacuum expectation values. In this case, the gravitational contributions can be organised to be ‘just right’.
We present a complete model with two spurion hidden sector where the gravitational contribution is from a
warped flavour model in a Randall-Sundrum setting. Along the way, we present simple expressions to han-
dle renormalisation group equations when supersymmetry is broken by two different sectors at two different
scales.
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I. INTRODUCTION AND MOTIVATION
The discovery of the Higgs boson with a mass ∼ 125 GeV a couple of years ago [1–4] has led to
tremendous excitement in the field. While the discovery has validated the Higgs mechanism of the
Standard Model and is broadly consistent with expectations based on Minimal Supersymmetric
Standard Model (MSSM) 1, minimal models of supersymmetry breaking like gauge mediation have
been strongly constrained by this discovery.
Gauge Mediation has several nice features that make it an attractive mechanism for supersym-
metry breaking : (i) no additional flavour violation in the soft sector (ii) minimal models have very
few parameters, some times as low as one, making them very predictive (iii) different phenomenol-
ogy compared to the traditional gravity mediated models. However, the discovery of the Higgs
boson with mass ∼ 125 GeV, has strongly constrained these models. The one loop corrected mass
for the lightest CP even Higgs boson has the form [5–10]
m2h = M
2
Z cos 2β
2 +
3m4t
4pi2v2
[
log
(
M2S
m2t
)
+
X2t
M2S
(
1− X
2
t
12M2S
)]
, (1)
Where MS =
√
mt˜1mt˜2 and Xt = At − µ cotβ. For MS around 1 TeV, it can be seen that Xt
should be close to its maximal value (≈ √6MS) to obtain a Higgs mass around 125 GeV [11–14].
It is well known, in minimal gauge mediation, that tri-linear A terms are highly suppressed at the
mediation scale leading to much smaller values of Xt than required at the weak scale. One can of
course try to increase the mediation scale to increase the renormalisation group (RG) running from
traditional values of ∼ 100 TeV all the way up to the GUT scale. However it has been shown that
a sufficient appreciation in the Xt value is only possible, for ∼ 1 TeV stops, with heavy gluinos
and/or tachyonic stops at high scale [15]. Since Xt is very small in GMSB, MS ∼ 4 TeV is required
to achieve the desired Higgs mass. This scenario is not very attractive as it comes at the expense
of making the stop mass eigenvalues out of reach of the LHC. Thus minimal versions of GMSB
models would fail to accommodate 125 GeV Higgs, if the SUSY particle masses lie below 2 TeV or
so.
Various extensions have been proposed in the literature to make models of gauge mediation
compatible with the 125 GeV Higgs mass [16–32]. For instance, one could consider explicit Yukawa
like messenger matter mixing in addition to gauge interactions[33–35]. In some cases of this type,
it is possible to get solutions with minimal fine tuning leading to a naturally light Higgs boson with
1 We mean that the observed Higgs is within theoretical upper bound of 135 GeV [5–7].
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mass 125 GeV[25, 36, 37]. Another possibility is to consider, anomaly free, U(1) gauge extension
of MSSM gauge group[38–46].
Alternatively, one can ask the question whether gravity mediated supersymmetry breaking
contribution can help in generating large At in GMSB models, while keeping the spectrum within
the reach of LHC (. 2-3 TeV). Note that these gravity contributions are always present in any gauge
mediation model as Planck scale suppressed operators. Typically, this contribution is suppressed
due to the relatively ‘low’ values of F -terms required by gauge mediation. For example, the stop
tri-linear coupling at the reduced Planck would would be generated as
At ' 〈FX〉
MPl
where 〈FX〉, is the vacuum expectation value (vev) of the F-term of the spurion multiplet and
MPl ∼ 1018 GeV, is the reduced Planck scale. In gauge mediation models, typically 〈FX〉 lies in
the range ∼ 1010−1012 GeV2. This FX value is too small to have any meaningful impact on the soft
sector when contributions from gravity mediation also are included along with GMSB contributions;
they are of the order ∼ (10−8−10−6) GeV. As will be discussed in the next section, if one increases
the mass of the messengers the gravitational contribution become increasingly important. This
result holds true as long as supersymmetry breaking by as single spurion parametrises the hidden
sector.
In this paper, we consider the case where the hidden sector is parametrised by more than one
spurion fields and show that the gravity contribution to the A-terms could be much larger as one can
effectively ‘decouple’ both the gravity and gauge contributions. In such case, even if the messenger
masses are smaller, gravity mediation can play an important role. Models with multiple spurion
fields are quite common, for example in string based models [47–56], mirage mediation [57–64] and
models with multiple hidden sectors [48, 49, 64–66]. In the recent times, supersymmetry breaking
in multiple sectors has been receiving attention in literature. Most of the works are concentrated
on Goldstini sector and their corresponding collider phenomenology [67–70].
The combination of gauge and gravity mediations, some times called “hybrid models” of su-
persymmetry breaking [71, 72] has been studied in the literature with focus on specific issues in
phenomenology like flavour or dark matter. In the present work, we show that this idea can be
used to address the light CP even Higgs mass problem in minimal gauge mediation. However,
it should be noted that the framework presented here is quite different compared to the ones in
the literature. In the present work, we focus on the Higgs sector, especially concentrate on how
to increase its mass through additional gravity mediation contributions to the minimal messenger
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model. It turns out that the spurions should have hierarchical F -terms, and furthermore the
gravity contributions should be ‘flavoured’ in the sense that the A terms of the third generation
should be larger compared to the first two generations. Similarly the soft terms should be such
that the total spectrum should still be dominated minimal gauge mediation.
The paper is organized as follows. In the next section, we discuss the character of the gravita-
tional contributions required to generate large A-terms in minimal messenger model. We analyze
the gravity contributions in GMSB models in both the cases with one and two spurions in the
hidden sector. We also study this scenario using semi-analytical expressions for RGs. In section
3, we present an explicit model for gravity sector which has the essential features and also present
explicit numerical examples. We close with a summary.
II. CHARACTER OF GRAVITATIONAL CONTRIBUTIONS
In minimal gauge mediation, soft terms are generated through 1-loop and 2-loop diagrams
involving messenger fields coupled to the MSSM fields through gauge interactions. The messengers
are connected through the hidden sector which is parametrised by a spurion field X as
Wmess = λXΦΦ¯ (2)
where Φ, Φ¯ are messenger fields and X = MX + θ
2FX parametrises the hidden sector. MX is the
mass of the messenger fields and FX is the supersymmetry breaking F-term. The soft terms due
to gauge mediation at the messenger scale MX are given by [73–76]:
M ′a ≈
αa
4pi
(
FX
MX
)
m′2 ≈ 2
3∑
a=1
(αa
4pi
)2
Ca
(
F 2X
M2X
)
A′ ≈ 0 (3)
Typically Λ ≡ FX/MX is chosen to be around 100 TeV to get low energy soft terms of O(1)
TeV. Generally MX is chosen to be close to Λ (twice of Λ is the usual choice) and it can be as large
as the GUT scale. FX is scaled accordingly while keeping Λ fixed. The low energy spectrum is
computed by running of the renormalisation group equations (RGE) from MX to the weak scale.
Since we are concerned mostly with the light CP even Higgs mass, we will concentrate on the
parameters relevant for it. At the weak scale, the relevant parameters appearing in eq.(3) can be
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written as
m2Q3(Mweak) ≈ 1× 10−4Λ2 GeV2
m2U3(Mweak) ≈ 7.62× 10−5Λ2 GeV2
At(Mweak) ≈ −0.002 Λ GeV (4)
where Λ = 〈FX〉MX . The expressions are evaluated for MX = 10
6. Keeping Λ fixed, if MX is increased
from 106 to 1014, then the magnitude of At only increases from 0.002Λ to 0.005Λ. Increasing Λ
will also increase MS , the SUSY scale, thus spoiling naturalness. It can be shown that even by
choosing a large MX close to the GUT scale, so as to increase the logarithmic running, the Higgs
mass barely manages to go beyond the LEP limit of 114.2 GeV from eq.(1). This is because Xt
remains small, as long as MS is fixed to be 1 TeV. This result is now well known [15].
Gravity mediation will always contribute to the soft terms at the high scale. However, for the
full range of FX ∼ 1012 − 1021 GeV2 (fixing Λ = 100 TeV). Gravitational contributions are only
significant when the messenger scale reaches the Planck scale. The gravity contributions at the
Planck scale are given in terms of effective operators as
m2ij = κij
∫
d2θd2θ¯
(
X†X
M2Pl
)
Φ†Φ
Mab = fab
∫
d2θ
(
X
MPl
)
WaWb
Aijk = ηijk
∫
d2θ
(
X
MPl
)
ΦiΦjΦk
(5)
where kij and ηijk are arbitrary O(1) parameters and fab is the gauge kinetic function. At the
messenger scale MX , if the running is not significantly large from MPl to MX , the soft terms
including both gauge and gravity contributions can be parametrised as
m˜2ij(MX) ≈ m23/2
[
α2a
(4pi)2
Ca
M2Pl
M2X
δij + κ˜ij + βij
]
M˜ab(MX) ≈ m3/2
[
αa
(4pi)
MPl
MX
+ γa
]
δab
A˜ijk(MX) ≈ m3/2 [η˜ijk + ξijk] (6)
where we have used 〈FX〉 = m3/2MPl and κ˜ and η˜ are the renormalisation group corrected κ and η
couplings respectively and are also of O(1)2. β, ξ and γ are corrections to the original couplings due
2 Where κ˜ ≈ κ and η˜ ≈ η.
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to RG running. These parameters contain the Clebsch factors (which could be large in the presence
of GUT group between MPl and MX) and the logarithmic factors due to running. Numerically
β = ξ ≈ 1
16pi2
Log
(
MPl
1016
)
∼ 0.02. At one loop, the coefficients γ can be determined exactly and
are given as γ1 = 0.96, γ2 = 0.99, γ3 = 1.01. We note here that the gravitino mass in this
case (m3/2 ∼ 100 GeV) is large as compared to low scale GMSB, where typically 〈FX〉 << M2Pl.
This is because, keeping Λ = 105 GeV fixed, a choice of a heavy messenger scale MX ∼ 1016 GeV
also pushes the vacuum expectation value of the spurion to 〈FX〉 ∼ 1021 GeV2. This framework is
similar to the one presented in Ref. [71, 77]. There it has been shown that an explicit realization
requires certain conditions on the messenger sector.
From the above effective parametrisation, it is clear that for heavy messengers with mass ∼MPl
scale, the gravitational mediation contributions can become comparable and can significantly alter
the spectrum. In the effective picture represented by Eq.(6), we can choose the gravity coefficients
such that soft terms to have the required form to give the correct Higgs mass at the weak scale.
For example, using the analysis of [15], we can choose the gravity contributions to the stop sector
and gluino sector such that they generate a large enough At at the weak scale after RG running.
From the above discussion, one can conclude that gravitational contributions can indeed rescue
minimal gauge mediation if the messenger masses are sufficiently high and they are of the right
type. The question then arises what happens if the messenger masses are not so heavy and are
only of the order of 100 TeV or so; Can gravitational contributions still play a role ? This is the
question we try to address now.
The advantage of such a ‘low’ scale for MX is that the nice features of gauge mediation are
left intact. However, gravitational mediation contributions to the soft sector are small as discussed
above. One simple way to increase the gravitational mediation would be to consider two different
sectors of supersymmetry breaking. While only one of them couples to the messengers, both couple
to gravity. In this set up, let us try to understand the character of the gravitational contributions.
We will consider two spurions X1 and X2 parametrising the two sectors where supersymmetry
is broken. As before we denote X1 ≡ MX1 + θ2F1, which couples to the messengers at the scale
MX1 ∼ 100 TeV. The other spurion X2 which parametrises the sector which does not couple
to messengers 3. In terms of the effective operators, just below MPl scale, the following are the
contributions from the gravitational mediation:
3 In the limit both these sectors are sequestered, we will have a new particle in the spectrum, the Goldstino, which
we will not consider here [67–70].
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m2ij =
∫
d2θd2θ¯
(
kij
X†1X1
M2Pl
+ k′ij
X†2X2
M2Pl
)
Φ†Φ
Mab = fab
∫
d2θ
(
X1
MPl
+
X2
MPl
)
WaWb
Aijk =
∫
d2θ
(
ηijk
X1
MPl
+ η′ijk
X2
MPl
)
ΦiΦjΦk
(7)
where F1  F2. At the scale MX1 additional contributions from gauge mediation have the same
form as in Eq.(3) with F replaced by F1. To obtain the weak scale spectrum, we use semi-analytical
expressions given in Appendix A. We observed that in this case, there is a nice way of organising
the weak scale soft terms which are a result of the RGE evolution from MPl to MX1 and then
to Mweak. Through out this paper, we will use primed objects to denote the contributions from
gauge mediation sector. Unprimed objects will denote those from gravity mediation. The total
soft terms have a˜ on them. At the weak scale, we have the following relations:
M˜a(weak) = Ma(weak) +M
′
a(weak)
A˜(weak) = A(weak) +A′(weak)
Thus both the gaugino masses and the tri-linear terms just add up at the weak scale as though
they have no knowledge about the presence of another supersymmetry breaking sector4.
The scalar masses however, as they depend quadratically on the gaugino masses do not add
linearly. They have mixed contributions from both the supersymmetry breaking sectors. Schemat-
ically they can be written as (neglecting the Yukawa contributions)
m˜2
f˜
(weak) = m′2
f˜
(weak) +m2
f˜
(weak) +
∑
a
MaM
′
aζaζ
′
a (8)
ζ(ζ ′) are the RG factors from MX2 = MPl to weak scale and MX1 to weak scale respectively (for
more details, see the Appendix A ).
The total solution can be schematically represented by the following two figures: Fig. (1) repre-
sents the total solutions for the gaugino masses Mi and the tri-linears where as Fig. (2) represents
the sfermion mass squared terms. The total gaugino masses and the A terms, at the weak scale,
are just the linear sums of the weak scale solutions of the two independent sectors which is de-
scribed in Fig. (1). The scalar mass terms at the weak scale, however, contain cross terms mixing
4 These results are true only up to one loop order. Issues about higher loops and multiple (greater than 2) SUSY
breaking sectors will be considered elsewhere.
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contributions from both of the sectors which is described in Fig. (2). The solution of the RGE
+=
X2
X1
X2
X1
MSUSYMSUSYMSUSY
FIG. 1: RGE running of gauginos and A terms in hybrid SUSY breaking
+=
X2
X1
X2
X1
MSUSYMSUSYMSUSY
+ Interference terms
FIG. 2: RGE running of scalar squared masses in hybrid SUSY breaking
presented here can be generalised easily for any scenario where supersymmetry is broken at two
different scales and preserves the MSSM structure. Similarly it can be generalised to more than
two sectors of supersymmetry breaking at different scales.
In Table [I], we give a numerical example of low energy spectrum due to supersymmetry breaking
derived from two different hidden sectors i.e. gravity and gauge mediation. The first two rows are
the low scale values of the soft masses from SUSY breaking due to gravity and gauge mediation
respectively. The third row gives the low scale values when SUSY breaking due to both gravity
and gauge mediation are present at two different scales. As expected, we find that the A terms and
the gaugino masses, at the weak scale, to be the linear sum of the gauge and gravity contributions
individually5. The soft masses on the other hand do not add up linearly. For illustration, we present
5 The slight discrepancy in the A terms due to individual sum of the two contributions and that due to hybrid SUSY
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the results for third generation squarks. The pure interference terms are listed in the fourth row.
The interference terms could become important when the contributions to the soft terms due one
of the sectors of SUSY breaking is sub-dominant.
m2
Q˜3
[GeV2] m2
U˜3
[GeV2] m2
D˜3
[GeV2] At[GeV] M1[GeV] M2[GeV] M3[GeV]
Gravity mediation 3.2×106 2.1×106 3.5×106 -2091 456.5 846.9 2191.8
Gauge mediation 1.04×106 0.84×106 1.01×106 -280 139.0 263.7 722.94
Hybrid susy breaking 4.67×106 3.43×106 5.04×106 -2283.4 603.12 1110.09 2817.3
Interference terms 0.43×106 0.49×106 0.53×106 ∼ 0 ∼ 0 ∼ 0 ∼ 0
TABLE I: To illustrate the organizing principle discussed in the text,scalar squared masses, tri-linear coupling
At and gauginos are presented for different mediation schemes. Rest of the parameters are fixed as tanβ=10
for all the schemes, For gravity mediation: m0=500 GeV, M 1
2
=1000 GeV, A0=-1000 GeV, For gauge
mediation:Λ = 105 GeV and MX1=10
6 GeV
Returning to the problem at hand, we demand that the gravitational contributions in this
case should be “just right” to generate the right Higgs mass. This would mean that gravity
should contribute significantly to A (mainly At) terms but not to anything else. Practically such a
situation is hard to achieve unless one assumes a flavoured supersymmetry breaking in the gravity
sector. Such examples are abound in literature either based on U(1) symmetries [78, 79] or extra
dimensions [80]. In the following, we present an example based on Randall-Sundrum Models [81].
Before concluding this section, an important comment is in order. For the gravitational con-
tributions to be of the same order as the gauge mediated contributions, the condition can be
summarised as FX1/FX2 ∼ MX1/MX2 6. A hidden sector model which allows for such hierarchi-
cal F-term vacuum expectation values (vevs) would be needed to provide such a solution. In the
present work, we do not construct explicit hidden sector models with such properties, but however,
assume existence of such models.
breaking which can be attributed to the difference between numerical and analytic computations. It is independent
of the boundary parameters.
6 More accurately it is represented as α˜ FX1/MX1 ∼ y FX2/MX2 . Where α˜ is gauge coupling in GMSB where as y
is the appropriate Yukawa coupling in gravity mediation mechanism.
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III. A COMPLETE EXAMPLE WITH RANDALL SUNDRUM AT HIGH SCALE
The Randall-Sundrum (RS) setup consists of a single extra-dimension of radius R compactified
on a S1/Z2 orbifold. Two branes, IR and UV are located at the y = piR and y = 0 orbifold fixed
points respectively. This model was originally proposed as solution to the hierarchy problem by
means of a geometric warp factor defined as
 = e−kRpi ∼ 10−16 (9)
where k is the reduced Planck scale and kR ∼ 11. The extent of warping is set by the radius R of
the extra-dimension. UV sensitivity of the Higgs mass is ‘warped’ down to the weak scale by the
relation MIR = Mew ∼ e−kRpiMPl.
Here we consider a modification of the RS setup with a similar background geometry but with a
radius R′ ∼ R/8. As a result the IR scale corresponds to the GUT scale, MGUT . Such frameworks
have been considered [82–87]. The spectrum of the effective 4D theory below the GUT scale is
that of MSSM.
We assume the two Higgs doublet Hu and Hd to be localized on the low energy brane (IR
brane). Matter and gauge fields are in the bulk. Supersymmetry breaking spurion X2 = θ
2FX2 is
introduced on the IR brane. SUSY breaking terms are generated by the brane local interactions
of the spurion with the bulk fields. The F term (FX2) of the spurion X2 develops a vacuum
expectation value and generates the soft masses. In the canonical basis, the soft breaking terms
are of the form [82–85]:
m2Hu,Hd = βˆu,d m
2
3/2
(m2
f˜
)ij = m
2
3/2 βˆij e
(1−ci−cj)kRpiξ(ci)ξ(cj)
Au,dij = m3/2A
′
ije
(1−ci−cj)kRpiξ(ci)ξ(cj)
m1/2 = khm3/2 (10)
where the gravitino mass is defined as
m23/2 =
〈Feff 〉2
k2
=
〈Feff 〉2
M2Pl
(11)
where F 2eff = F
2
X2
+ F 2X1 βˆij , A
′, kh are dimensionless O(1) parameters. ξ(ci) is defined as
ξ(ci) =
√
0.5− ci
e(1−2ci)pikR − 1 , (12)
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Hadron Lepton
parameter Value parameter Value parameter Value parameter Value
cQ1 1.49 cD1 1.52 cL1 1.59 cE1 1.32
cQ2 1.09 cD2 1.68 cL2 1.18 cE2 1.15
cQ3 -1.59 cD3 1.28 cL3 1.37 cE3 -.22
cU1 2.0 cU2 1.89 - - - -
cU3 0 - - - - - -
TABLE II: Example point of the bulk mass parameters which satisfy both fermion mass fits.
From eq.(3), it is clear that the soft masses follow the structure of the fermion masses which
are determined by
(mF )ij = v yˆij e
(1−ci−cj)kRpiξ(ci)ξ(cj) (13)
where v is the vacuum expectation value and yˆij are O(1) Yukawa couplings. The resulting spec-
trum is flavorful in the super CKM basis. In particular, the stop sector along with At is enhanced
naturally as it follows the top mass. The other sectors(12 and 23) however, are highly suppressed
as they follow the CKM matrix.
We now provide a numerical example of this case where we use a set of c parameters to determine
the boundary conditions for the soft masses at MGUT . The results of the analysis of [87] are used
where the technique of χ2 minimization was used to determine the c parameters. A particular
choice of c parameters which we use for our analysis is given in Table [II].
We use a slightly modified version of SUSEFLAV [88] to determine the low energy spectrum.
The boundary conditions for the sfermion masses due gravity mediation are obtained by using
the points in Table II in Eq.(3). Fig 3 gives the GUT scale contributions to the soft masses as a
function of c parameters. Since the lighter generations are located away from the IR brane where
the Higgs fields and SUSY breaking, their corresponding GUT scale contributions would be very
tiny.
While there is sufficient choice and freedom among the O(1) parameters from 1/10 to 10, below
we describe one particular example. The gravitino mass is chosen to be m3/2 =
〈F2〉
MX2
= 1000 GeV.
In the slepton mass matrix, the O(1) parameters in Eq. 3 is chosen to be βˆij ∼ 0.3. For the squark
mass matrix we choose βˆij = 1. As the Higgs doublets and the SUSY breaking spurion are localized
on the same brane, fitting smaller masses for the fermions would also result in the corresponding
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FIG. 3: GUT scale contribution to the soft mass parameters as a function of c parameters.
slepton masses to the small. As a result the soft masses for the lighter generations are nearly
zero at the Planck scale. As a result of this the right handed sleptons will have a tendency to be
the lightest supersymmetric particle (LSP) as can be seen from the following term in its one loop
beta-function
S = m˜2Hu − m˜2Hd + Tr
(
m˜2Q − 2m˜2U −m2L + m˜2D + m˜2E
)
(14)
As the slepton masses are nearly zero for all three generations the above term is dominated by the
contribution due to third generation squarks. If S is positive, the contributions due to M1 and
S go in opposite directions which has a tendency to decrease the slepton mass further. S can be
made negative by choosing the Higgsino mass to be non-universal at the high scale. Increasing Mˆ1
is not useful as it also increases the mass of the lightest neutralino thereby still retaining the right
handed slepton as the LSP. S can be made negative by choosing the Higgsinos to be non-universal,
in particular m˜2Hu < m˜
2
Hd
. In particular we choose
m˜2Hu = 500 GeV
2 m˜2Hd = 1000 GeV
2 (15)
For the electroweakinos, M1,2 = 50 GeV is chosen to lower the contribution to the sleptons. This
corresponds to a choice of kh = 0.07 in Eq.(3) while we chose M3 = 500 GeV for the super-partner
mass of the SU(3) gauge field. On account of the small masses of the gauginos the sfermions do
not run significantly and the gauge mediation effects will have a tendency to dominate.
For the trilinear couplings we choose A′ij = Y
′
ij except for i = j = 3 where Y
′
ij is the O(1) Yukawa
coupling which fits the fermion masses. The tri-linear coupling for the top, Au33, is expected to be
naturally large compared to those corresponding to the lighter generations. This can be attributed
to the fact that the structure of the tri-linear coupling in this model is exactly similar to the
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corresponding mass matrices as shown in Eq. 3. Thus the c parameters which fit a large top
mass, will also generate a corresponding larger tri-linear coupling for the top. The couplings can
be further enhanced by choosing the O(1) parameter A′33 = −2.5 Y ′33. The boundary conditions
for gauge mediation are obtained at MX1 = 10
6 by choosing Λ = 2.293× 105.
Table[III] gives the spectrum for the squarks at MS in a scenario where two sources of super-
symmetry breaking is implemented in a high scale RS model.
×106 m2
Q˜1
m2
Q˜2
m2
Q˜3
m2
U˜1
m2
U˜2
m2
U˜3
m2
D˜1
m2
D˜2
m2
D˜3
m2
L˜1
m2
L˜2
m2
L˜3
m2
E˜1
m2
E˜2
m2
E˜3
Gravity mediation 1.20 1.20 1.90 1.27 1.27 -1.33 1.20 1.20 1.18 0.03 0.03 0.03 -0.05 0.05 0.005
Gauge mediation 5.45 5.45 5.04 4.91 4.91 4.12 4.86 4.86 4.84 0.65 0.65 0.65 0.16 0.16 0.16
Hybrid susy breaking 7.1 7.1 7.23 6.5 6.5 2.7 6.5 6.5 6.94 0.68 0.68 0.68 0.105 0.105 0.16
TABLE III: Comparison of contributions to the low energy spectrum for the sfermions due to gravity and
gauge mediation incorporated in a high energy RS model for tanβ = 10. All numbers are in units 106 GeV2
M1 M2 M3 At
Gravity mediation 17.74 32.12 1276.21 -1960.1
Gauge mediation 303.6 564.26 1459.8 -505.65
Hybrid susy breaking 339.80 624.80 2568.9 -3075.3
TABLE IV: Comparison of contributions to the low energy spectrum for the gauginos and At due to gravity
and gauge mediation incorporated in a high energy RS model for tanβ = 10. All numbers are in GeV
We find that in the absence of contribution to the soft masses at the messenger scale due to
gauge mediation, this choice of boundary conditions at the GUT scale leads to a tachyonic spectrum
at MS . However once the contributions due to gauge mediation are on, we get an acceptable low
energy spectrum as shown in Table [V].
Table V gives the complete low energy spectrum at MS in the presence of both the sources of
SUSY breaking. We see that it is possible to accommodate a heavy Higgs mass of ∼ 125 GeV
in a low scale gauge mediation scenario with fairly light stop masses. The rest of the spectrum
including the gluinos are reasonably heavy owing to contribution to M3 from the gravity sector as
well as the gauge sector. The dominant contributions are due GMSB as shown in Table IV. Thus
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the role played by flavourful gravity mediation is to only generate large trilinear coupling at the
gauge messenger scale
Parameter Mass(TeV) Parameter Mass(TeV) Parameter Mass(TeV) Parameter Mass
t˜1 1.79 b˜1 2.62 τ˜1 0.46 ν˜τ 0.81
t˜2 2.74 b˜2 2.72 τ˜2 0.82 ν˜µ 0.81
c˜R 2.61 s˜R 2.63 µ˜R 0.33 ν˜e 0.81
c˜L 2.74 s˜L 2.74 µ˜L 0.82 - -
u˜R 2.61 d˜R 2.63 e˜R 0.33 C1 0.61
u˜L 2.74 d˜L 2.74 e˜L 0.82 C2 2.01
mA0 2.69 m
±
H 2.69 mh 0.1223 mH 2.69
N1 0.33 N2 0.63 N3 2.35 N4 2.35
TABLE V: Soft spectrum at MS = 2.15 TeV due to both gravity and gauge mediation contributions. The
messenger scale for gauge mediation is chosen to be MX1 = 10
6. The gluino mass is mg˜ = 2.6 TeV and we
choose tanβ = 10.
The origin of flavourful soft masses at the GUT scale could potentially lead to large flavour
violation at the low scale 7. The most stringent constraints are due to transitions between the
first two generations in both the leptonic and the hadronic sector. As mentioned earlier, since the
lighter generations are localized away from source of SUSY breaking spurion X (and the Higgs)
the off-diagonal elements as well the diagonal elements are very small at the GUT scale. Consider
the flavour violating parameter δf defined as
δfij(i 6= j) =
(U †m˜2fU)ij
m˜2susy
(i 6= j) (16)
U is rotation matrix which rotates from flavour basis to the mass basis and m˜2susy is the geometric
mean of diagonal elements m˜2ii and m˜
2
jj , i 6= j. At MGUT , the off diagonal elements for the sfermion
mass matrices are simply expressed as
(m˜2f )ij = m˜iim˜jj (17)
7 Since the lowest KK masses are O(MGUT ) they do not contribute to the flavour processes.
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where m˜jj =
√
m˜2jj . This follows from the construction in Eq.3 and holds when the O(1) parameter
βˆij = 1 for all elements of the soft mass matrices. As a result δLL,RR ∼ O(1) at MGUT . The
tri-linear couplings on the other hand are aligned with fermion mass matrices when A′ij = Y
′
ij .
Thus in the SUPER-CKM basis one can expect the tri-linear couplings corresponding to the down
sector fermions, Ad,E , to be nearly proportional to identity. On the other hand Au will have a
hierarchical structure like VCKM . As a result the dominant contributions due to FCNC will be due
to the sfermion soft mass matrices.
The diagonal elements however, receive significant contributions due to RGE effects and hence
are large at msusy. Additionally unlike the off diagonal elements, the diagonal elements also receive
contributions due to gauge mediation at the messenger threshold. The off-diagonal elements on
the other hand do not evolve much and are small even at msusy. Thus, while there could be large
flavour violation at MGUT , δ
f
ij reduces from O(1) values at the high scale to values consistent with
the experimental bounds at the low scale. Table VI gives the high scal δij for both the squark and
the slepton sector while Table VII gives the corresponding low scale values. We find that while
there is potentially large flavour violation at the high scale, the significant running of the diagonal
elements push the δ to be consistent with the contraints given in Table VIII. As a result the
attractive features of minimal gauge mediation are not compromised. These values are consistent
with the upper bounds on the δij given below [87]
TABLE VI: High scale (MGUT ) δ
′s for squark and slepton sector corresponding to the spectrum in Eq.(V)
(i,j) |δQLL| |δLLL| |δDLR| |δULR| |δDRL| |δURL| |δDRR| |δERR| |δURR|
12 1 1 10−15 10−10 10−16 10−8 0.69 1 0.03
13 1 1 10−11 10−9 10−13 10−7 1 1 1
23 1 1 10−8 10−2 10−9 0.04 0.69 1 0.03
TABLE VII: Weak scale δ′s for squark and slepton sector corresponding to the spectrum in Eq.(V)
(i,j) |δQLL| |δLLL| |δDLR| |δULR| |δDRL| |δURL| |δDRR| |δERR| |δURR|
12 10−4 10−5 10−16 10−13 10−14 10−9 10−6 10−3 10−8
13 0.005 10−5 10−15 10−10 10−10 10−6 10−5 10−2 10−4
23 0.006 10−4 10−11 10−9 10−9 10−6 10−7 10−2 10−5
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TABLE VIII: Upper bounds on the flavour violating parameter δdown obtained for m˜q = 2.1 TeV and
m˜l = 0.7 TeV
(i,j) |δQLL| |δLLL| |δDLR| |δELR| |δDRL| |δERL| |δDRR| |δERR|
12 0.053 0.0002 0.0003 3.8×10−6 0.0003 3.8×10−6 0.03 0.03
13 0.34 0.14 0.06 0.03 0.06 0.03 0.26 -
23 0.61 0.16 0.01 0.04 0.02 0.04 0.84 -
To conclude this section, we point out that it is also possible to generate flavourful soft terms in
4D models. One example in 4D is to consider Froggatt-Nielsen (FN) type of models which have an
additional horizontal family symmetry U(1)X [89]. They were introduced to explain the observed
hierarchy in the fermion mass and the mixing angles by assigning different charges to different
generations of fermion multiplets under U(1)X . Requiring the Kahler potential be canonical,
rendered a non-trivial flavour structure to the soft mass sector. One drawback of these models
is that U(1)X group is anomalous and they are only cancelled by the Green-Schwarz anomaly
cancellation mechanism [90]. This severely restricts the parameter space of the FN charges of
the multiplets which satisfy the fermion mass fits as well as the anomaly cancellation requirement.
Further these solutions are also constrained by FCNC processes. The Randall-Sundrum framework
is a more generalised setup which is equivalent to the setup of U(1)FN but not as constraining
unless unification conditions are imposed [85]
IV. CONCLUSIONS
Gravitational contributions to supersymmetry breaking are typically suppressed in cases where
gauge mediated supersymmetry breaking contributions are dominant. In the present work, we
show that this is not the case if the supersymmetry breaking happens in multiple sectors which are
parametrised in terms of different spurion fields. If they are hierarchical, one can have a situation
where gravity contributions can play a supporting role to the gauge mediated contributions and
help in generating the right Higgs mass. Of course, this would require that the gravitational
contribution should be flavourful which we have achieved by using a Randall Sundrum set up.
In the course of this work, we have presented simple “rules of thumb” to RGE equations when
supersymmetry is broken by multiple sectors at multiple scales.
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Appendix A: Analytic expressions for soft masses in models with two sectors of SUSY
breaking
In this section we give the analytic expressions for the soft masses at the weak scale due to
SUSY breaking from two different hidden sectors. To begin with, consider the gauginos and the A
terms. The net contribution at any scale due to the presence of both gauge and gravity sectors is
just the linear sum of individual contributions due to pure gauge and pure gravity mediation. We
define the following useful functions:
zi(t) =
1
(1 + bi α˜i(0) t)
z′i(t) =
1
(1 + bi α˜i(tg) t)
ki(t) =
1
2bi
(1− zi(t)2) k′i(t) =
1
2bi
(1− z′i(t)2) (A1)
where
tg = 2Log
(
MX2
MX1
)
tz = 2Log
(
MX2
msusy
)
(A2)
and α˜i(t) = zi(t) α˜i(0) and α˜i(0) is the value at MX2 . Without loss of generality we can assume
msusy < MX1 < MX2 .
The solutions to the one loop renormalization group evolution equations (RGE) for the gauginos
can be solved exactly and are given as
M˜i(msusy) = Mizi(tz) +M
′
iz
′
i(tz)
(A3)
where Ma(M
′
a) are the boundary values for the gauginos at scale MX2(MX1). In our notation
quantities with˜ represent the expressions at the msusy scale due two sectors of SUSY breaking.
Similarly the A terms also add up linearly and are given as 8
A˜ = A(tz) +A
′(tz)
A(tz) = 0.33A0 − 0.03M1 − 0.26M2 − 1.8M3
A′(tz) = −0.002Λ (A4)
where A0 is the boundary value for the trilinear coupling due to gravity mediation.
8 The semi-analytic expressions are for MX1 = 10
6 and MX2 = MPl
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Next we consider the lighter generations. In the limit the Yukawa coupling Yb,τ → 0, the
solutions to the RGE equations for the first two generation squarks and the sleptons take a very
simple analytic form. The solutions for the squarks and m˜2Hd except m˜
2
Q3,U3,Hu
is given as
m˜2Q1,2 = m
2
Q(tz) +m
′2
Q1,2(tz) +
32
3
M ′3M3z3(tg)k
′
3(tz) + 6M
′
2M2z2(tg)k
′
2(tz) +
2
15
M ′1M1z1(tg)k
′
1(tz)
m˜2U1,2 = m
2
U1,2(tz) +m
′2
U1,2(tz) +
32
3
M ′3M3z3(tg)k
′
3(tz) +
32
15
M ′1M1z1(tg)k
′
1(tz)
m˜2D1,2,3 = m
2
D1,2,3(tz) +m
′2
D1,2,3(tgz) +
32
3
M ′3M3z3(tg)k
′
3(t) +
8
15
M ′1M1z1(tg)k
′
1(t)
m˜2Hd = m
2
Hd
(tz) +m
′2
Hd
(tz) + 6M
′
2M2z2(tg)k
′
3(tz) +
6
5
M ′1M1z1(tg)k
′
1(tz) (A5)
The corresponding equations for the sleptons can be similarly written as
m˜2L = m
2
L(tz) +m
′2
L(tz) + 6M
′
2M2z2(tg)k
′
2(tz) +
6
5
M ′1M1z1(tg)k
′
1(tz)
m˜2E = m
2
E(tz) +m
′2
E(tz) +
24
15
M ′1M1z1(tg)k
′
1(tz)
(A6)
1. Semi-analytic expression for m2Q3,U3,Hu
The expressions form2Q3,U3,Hu are more complicated as it involves the top quark Yukawa coupling
which cannot be set equal to zero. However they follow the generic form of Eq.(8). We present
semi-analytic expressions for them as follows:
m˜2Q3 = m
2
Q3(tz) +m
′2
Q3(tz) + 0.0001A0Λ + 0.0054M3Λ
m˜2U3 = m
2
U3(tz) +m
′2
U3(tz) + 0.0004A0Λ + 0.0045M3Λ
m˜2Hu = m
2
Hu(tz) +m
′2
Hu(tz) + 0.0006A0Λ− 0.0041M3Λ (A7)
where Λ = 〈F1〉MX1 . In the above expression we have neglected the terms proportional to M1 and M2
as their co-efficients are small compared to that of M3. The semi-analytic expressions for the soft
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terms at msusy scale due to pure gravity mediation is given as
m2Q3 = −0.0369233A20 + 0.00443031A0M1 + 0.00154387M21 + 0.0266445A0M2 − 0.00205633M1M2
+ 0.233435M22 + 0.1096A0M3 − 0.00916469M1M3 − 0.0610636M2M3 + 3.31617M23
+ 0.3312m
(0)2
Q3
− 0.11145(m(0)2Hu − 5m(0)2Q3 +m
(0)2
U3
)
m2U3 = −0.0738465A20 + 0.00886063A0M1 + 0.0287372M21 + 0.0532891A0M2 − 0.00411266M1M2
− 0.0134655M22 + 0.2192A0M3 − 0.0183294M1M3 − 0.122127M2M3 + 3.16522M23
− 0.222901(m(0)2Hu +m(0)2Q3 − 2m
(0)2
U3
) + 0.3312m
(0)2
U3
m2Hu = −0.11077A20 + 0.0132909A0M1 + 0.0156242M21 + 0.0799336A0M2 − 0.00616898M1M2
+ 0.21997M22 + 0.3288A0M3 − 0.0274941M1M3 − 0.183191M2M3 − 0.452999M23
+ 0.3312m
(0)2
Hu − 0.334351(−m(0)2Hu +m(0)2Q3 +m
(0)2
U3
) (A8)
where m
(0)
Q3,U3,Hu
represents the boundary value of the soft masses due to gravity mediation. The
corresponding expressions due to gauge mediation with messenger scale at MX1 = 10
6 is given as
m′2Q3 ≈ 1× 10−4Λ2
m′2U3 ≈ 7.62× 10−5Λ2
m′2Hu ≈ −4.65× 10−5Λ2 (A9)
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